The van Deemter equation and moment equations were used for analyzing the flow rate dependence of HETP experimentally measured in order to clarify chromatographic behavior from the kinetic points of view in columns packed with C18-silica monolith and C18-core-shell particles under RPLC conditions. They provided some information about molecular diffusion, eddy diffusion, and mass transfer kinetics in the columns. Additionally, the value of intra-stationary phase diffusivity was determined in the range of 10 -7 -10 -6 cm 2 s -1 by the moment analysis. Information about the contribution of the mass transfer resistance in the external liquid film around the stationary phase to HETP was also obtained. Its contribution increases with an increase in the flow velocity of the mobile phase. It was concluded that the moment equations can provide more detailed information about the kinetic behavior in the columns than the van Deemter equation.
Introduction
Various types of separation media having different shapes, porosities, and other structural characteristics, such as silica monoliths and core-shell spherical particles, have already been used as the stationary phase for fast HPLC. Although their structural characteristics are different, they are designed on the basis of the same concept that column efficiency is improved by reducing the diffusion distance of sample molecules in the stationary phase.
It must be required to clarify their chromatographic behavior from the viewpoint of mass transfer kinetics.
It is one of strategies for the kinetic study of chromatographic behavior to analyze the flow rate dependence of the height equivalent to a theoretical plate (HETP, H). It seems that the van Deemter equation has been most often used for this purpose. The equation is as follows:
where A, B, and C are the coefficients and u the mobile phase flow velocity. The flow rate dependence of H certainly indicates some important information about the mass transfer kinetics in the column and in the stationary phase. The van Deemter equation has extensively been used for kinetic studies. [1] [2] [3] [4] On the other hand, the moment equations have also been used for analyzing the flow rate dependence of H to study the mass transfer kinetics in chromatography. They explain how the first absolute moment (μ1) and the second central moment (μ2′) of elution peaks are correlated with several parameters concerning retention equilibrium and mass transfer kinetics. [4] [5] [6] In addition, they can quantitatively represent the influence of the structural characteristics of separation media on chromatographic behavior. A series of moment equations has been developed for chromatography using various types of packing materials having different structural characteristics, i.e., shape (spherical particle, cylindrical fiber, flat plate, and hollow tube) and porous structure (full-porous, partially porous, and non-porous). [7] [8] [9] [10] [11] [12] This study deals with a comparison of the two equations for analyzing the kinetic behavior in chromatography, i.e., the van Deemter equation and the moment equations. The flow rate dependence of H experimentally measured in RPLC systems using two columns packed with C18-silica monolith and C18-core-shell particles was analyzed by the two equations. Information about the mass transfer kinetics in the two columns derived by the two equations was compared with each other.
Theory
The van Deemter equation is extremely well known in the community of chromatography. A number of kinetic studies of chromatographic behavior have been carried out based on the equation. It seems that detailed explanations about the van Deemter equation can be found in any textbook on chromatography.
On the other hand, moment equations described below were developed more recently. following, the moment equations for silica monoliths and core-shell spherical particles are briefly explained. They were used for analyzing chromatographic data measured using the C18-silica monolith column and the C18-core-shell column in this study.
Moment equations for silica monoliths
The moment equation for μ1 is defined as follows and is correlated with the retention equilibrium constant (Ka):
where Ce(t) is the peak profile (concentration as a function of time (t)), L the column length, u0 the superficial velocity of the mobile phase, εe the external porosity of the column, εi the internal porosity of the porous separation media, and τ the injection period of the sample solution. It was assumed that the shape of the sample injection pulse was rectangular.
The moment equation for μ2′ consists of the contributions of four kinetic processes in the column, i.e., δax, δf, δd, and δads. The subscripts, i.e., ax, f, d, and ads, stand for the contributions of axial dispersion, external mass transfer, intra-stationary phase diffusion, and adsorption/desorption kinetics, respectively. They are represented as Eqs. (5) - (8), which respectively include four kinetic parameters, i.e., axial dispersion coefficient (DL), external mass transfer coefficient (kf), intra-stationary phase diffusivity (De), and adsorption rate constant (ka). 
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where Rsk is the average radius of silica skeleton. In the case of RPLC, the contribution of δads to μ2′ is usually assumed to be negligibly small because chromatographic retention in RPLC takes place due to physical adsorption. It seems that the adsorption/desorption kinetics is sufficiently fast under such conditions. The combination of Eqs. (2) - (8) 
The experimental value of HETP is expressed as Htotal because it is the sum of the contributions of the three mass transfer processes in the column as explained in Eq. (9) .
Moment equations for core-shell particles
The moment equation for μ1 is defined as follows:
where εc is the ratio of the volume of the inert core to the total volume of the particle. Although Eq. (10) is similar to Eq. (2), it contains an additional term, i.e., (1 -εc) . In the following, the radius of the inert core and that of the whole particle are represented as R1 and R2, respectively. The value of εc is equal to (R1/R2) 3 . On the other hand, the moment equation for μ2′ is also defined as Eq. (3) even in the case of core-shell particles. Although the representation of δax is the same as Eq. (5), δ0, δf, δd, and δads are represented as follows: 
where p is the Laplace transform variable, As the ratio of the total external surface area of the stationary phase to the column volume, and Bi the Biot number (Bi = kfR2/De). The formulation of Eqs. (3), (5), and (10) - (14) is fairly in agreement with that of the moment equations for μ1 and μ2′ derived for chromatography using fully porous spherical particles when the values of R1 and β are equal to zero. [4] [5] [6] [7] [8] [9] Similar to Eqs. (3), (5), and (10) - (28), other moment equations for core-shell particles were also developed in a different manner. 13 Ample outstanding studies have extensively been carried out for clarifying kinetic behavior of chromatography using core-shell particles on the basis of the other moment equations.
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Experimental
Columns and reagents
Two columns were used in this study. One was a C18-silica monolithic column (Merck, Germany) (4.6 × 100 mm). The other one was a core-shell column (Spelco, USA) (4.6 × 150 mm) packed with C18-core-shell particles (dp = 2.7 μm). Both the columns were used for pulse response experiments under different flow rate conditions of the mobile phase in RPLC systems.
Mixtures of acetonitrile (ACN, HPLC grade) and water were used as the mobile phase solvents for the pulse response experiments. The volumetric fraction of ACN was 30 and 43 vol% for the C18-silica monolithic column and the C18-coreshell column, respectively. The composition of ACN in the mobile phase was adjusted so that the values of the retention factor (k) of benzene in the two RPLC systems using the two columns were similar to each other. In this study, the values of k were around 5. Although this was a given value, the chromatographic experiments using the two columns were carried out under almost the same conditions from the viewpoint of the retention strength. Water was prepared by distilling ionexchanged water.
Benzene and uracil were used as the retained compound and the non-retained inert tracer, respectively. They were of reagent grade and used without further purification. The concentration of benzene and uracil in sample solutions was 1 and 0.1 mg mL -1 , respectively. They were dissolved into both the aqueous solutions of ACN, of which compositions were 30 and 43 vol%.
Information about the porosities of the columns was determined by inverse size exclusion chromatography (ISEC). 19 A series of polystyrene standards of different molecular weights (Mw = 5.8 × 10 2 to 3.25 × 10 6 ) and benzene were used as probe compounds. Tetrahydrofuran (THF) was used as the mobile phase solvent. The solutions of the probe compounds were prepared by dissolving one of them into THF at a concentration of 1 mg mL -1 .
Apparatus
The pulse response experiments were carried out using an HPLC system, which consisted of a high pressure pump (PU-2080) (JASCO, Japan), a 7725 valve injector (10 μL) (Rheodyne, USA), and an UV-VIS spectrophotometric detector (UV-2085) (JASCO, Japan). The inlet and outlet of the columns were connected with the injector and the detector using two tubes, of which inner diameter and length were 0.25 and 30 mm, respectively. The entire HPLC system was placed in a low temperature oven in order to keep the column temperature at 298 K. BOWIN software (JASCO, Japan) was used for acquiring and analyzing the experimental data.
Procedures
The pulse response experiments in ISEC mode were carried out under non-retained conditions by injecting 10 μL of the sample solutions containing benzene or one of the polystyrene standards of the different molecular weights into the columns. Information about the porosities of the columns was derived from the elution position of the probe compounds.
The pulse response experiments in RPLC mode were carried out by injecting the sample solutions containing benzene and uracil. The volumetric flow rate of the mobile phase solvent, i.e., ACN/water, was changed from 0.2 to 4.0 mL min -1 (monolithic column) and 0.1 to 1.9 mL min -1 (core-shell column) in order to measure the flow rate dependence of H. First, the dependence of H on the mobile phase flow velocity was analyzed by the van Deemter equation. Second, the flow rate dependence of H was also analyzed by the moment equations.
When the pulse response experiments were carried out, the mobile phase flow velocity was measured a few times for each experiment, for example, at the beginning and the end of each run. The column temperature was also checked at every sample injection. Throughout all of the experiments, it was confirmed that the relative error of the mobile phase flow velocity was less than 1% and that the column temperature was kept at 298 ± 0.1 K.
Data analysis
The value of H was calculated from μ1 and μ2′ of the elution peak profiles experimentally measured. Acquisition of accurate values of μ1 and μ2′ is required in order to appropriately analyze the chromatographic behavior by the van Deemter equation and the moment equations.
Influence of some experimental conditions on the experimental values of μ1 and μ2′ must be checked.
First, the values of μ1 and μ2′ experimentally measured include the contributions due to the extra-column volumes between the injection valve and the column, and between the column and the detector. In this study, they were connected with the two tubes, of which inner diameter and length were 0.25 mm and 30 mm, respectively. The extra-column volume was calculated as 2.9 μL, which was about 560 -850 times smaller than the column void volume.
Second, the injection volume of the sample solutions was 10 μL. The values of μ1 and μ2′ were respectively calculated as 0.3 s and 0.03 s 2 when the shape of the sample pulse was assumed to be rectangular and the volumetric flow rate of the mobile phase solvent was 1 mL min -1 . On the other hand, μ1 and μ2′ of the elution peak of benzene were about 600 s and 80 s 2 , respectively, (monolithic column) and about 400 s and 9 s 2 , respectively, (core-shell column) under the same flow rate conditions.
In this study, the influence of the extra-column volumes and the injection volume of the sample solutions on μ1 and μ2′ of elution peaks experimentally measured was neglected because it was negligibly small as explained above.
Estimation of kinetic parameters
As explained earlier, the second moment equation, i.e., Eq. (3), correlates with the four kinetic parameters, i.e., DL, kf, De, and ka. Appropriate values of these kinetic parameters are essential for analyzing chromatographic behavior by the moment equations. Some conventional literature correlations were used for the estimation of some kinetic parameters.
The value of DL of conventional HPLC columns packed with spherical particles is usually accounted for by assuming that axial dispersion consists of two main mechanisms, i.e., molecular diffusion and eddy diffusion. 
where γ1 and γ2 are the two geometrical coefficients and dp the particle diameter. Experimental data measured using the C18-silica monolithic column were also analyzed in the same manner as the C18-core-shell column in this study, although the shape of silica monolith is fiber rod rather than spherical particle. Equation (29) 
where Dm is the molecular diffusivity, ρ the density, and η the viscosity. The value of Hf can be calculated from kf estimated by Eq. (30) as indicated in Eqs. (6), (9), and (12). On the other hand, in the case of the C18-silica monolith, kf was also estimated by Eq. (30) although the Wilson-Geankoplis equation was not proposed for estimating kf of the mass transfer in the external liquid film around cylindrical fibers, such as silica monolithic skeleton. However, to the best of our knowledge, there is no correlation, which can be used for the estimation of kf for the external mass transfer between the surface of the C18-silica monolith and the bulk mobile phase. The value of Dm was estimated by the Wilke-Chang equation. 21, 22 It seems that it is the most frequently used for estimating Dm of small molecules in liquid phase systems. 
where T is the absolute temperature, α the association coefficient, M the molecular weight, η the viscosity, and Vb the molar volume at a normal boiling point. The subscripts sv and a stand for the solvent and solute molecule, respectively. In the case of the moment analysis, Eq. (9) is modified as follows by taking Eqs. (29) 
Results and Discussion
Although the moment equations used in this study have already been developed in previous studies [10] [11] [12] as indicated above, the results described in this section were newly obtained in this study.
Determination of porosities
Information about the porosities of the two columns was obtained by the ISEC method.
19 Figure 1 illustrates the correlation between the molecular weight (Mw) of the probe compounds and the ratio of their elution volume (Ve) to the column volume (Vcol). For each column, experimental data points are plotted on two straight lines. One line corresponds to the high molecular weight region. Polystyrene standard compounds of high molecular weights can access only the void space between the separation media in the column. Another line in the low molecular weight region represents the distribution of the pore space in the separation media. The value of εe was obtained from the intersection point of the two straight lines. On the other hand, the value of total porosity (εt) of the columns was calculated from the elution volume of benzene because benzene molecules can probably penetrate into both the pore spaces in the column. Solid circles in Fig. 1 show the plots of the C18-silica monolithic column. The values of εe and εt were determined as 0.69 and 0.85, respectively. The internal porosity (εi) of the C18-silica monolith was calculated as 0.50 from εt and εe, i.e., εi = (εt -εe)/ (1 -εe) . Similarly, open circles in Fig. 1 indicate the plots of the C18-core-shell column. The values of εt, εe, and εi were determined as 0.51, 0.39, and 0.25, respectively. The values of εe and εt of the C18-silica monolithic column are larger than those of the column packed with C18-core-shell particles.
Kinetic analysis of chromatographic behavior by the van Deemter equation
According to Eq. (1), Htotal of the C18-silica monolithic column is plotted against u0 in Fig. 2 (open circle) . It seems that u (= u0/εt) is usually used to represent the mobile phase flow velocity. However, u0 is used in this study because the flow rate dependence of Htotal can be represented in the same scale for the two columns irrespective of the difference in the porosity conditions, although the values of εt are different between the two columns as described above. (1) The efficiency of the C18-core-shell column is higher than that of the C18-silica monolithic column. The difference in the column efficiency probably rests on the contributions of the A and C terms to Htotal as described below.
(2) The packing structure in the C18-core-shell column appears more homogeneous than the networks of the silica skeleton and flow channels in the C18-silica monolithic column because the value of A is about 10 times smaller for the former than for the latter.
(3) The mass transfer seems faster in the C18-core-shell column than in the C18-silica monolithic column because the value of C is about two times smaller for the former than for the latter.
Kinetic analysis of chromatographic behavior by the moment equations
According to Eq. (32), Htotal of the C18-silica monolithic column is plotted against u0 in Fig. 4 (open from that of C′ as indicated in Eqs. (7) and (33). Figure 5 similarly illustrates the plot of Htotal of the C18-coreshell column against u0 (open circle) and the flow rate dependence of the contributions of the four terms to Htotal. The values of the three coefficients in Eq. (33) were also calculated from the dotted-dashed, dotted, and dashed lines as A′ = 6.0 × 10 -4 cm, B′ = 3.0 × 10 -5 cm 2 s -1 , and C′ = 1.9 × 10 -3 s. Similar to the case of the C18-silica monolithic column, the value of B′ is the same as that of B. On the other hand, the values of A′ and C′ are smaller than those of A and C, respectively. However, they are not so significantly different from each other. The three conclusions can be pointed out as described above because the value of A′, B′, and C′ are the same as or similar to those of A, B, and C. The value of De in C18-core-shell particles was also calculated as 5.0 × 10 -6 cm 2 s -1 from that of C′. The following two conclusions were obtained: (4) The moment analysis method provides quantitative information about De. The De value of core-shell particles was larger than that of silica monolith. It was calculated as 5.0 × 10 -6 cm 2 s -1 and 7.3 × 10 -7 cm 2 s -1 for the C18-core-shell column and the C18-silica monolithic column, respectively. The former is about seven times larger than the latter. It is usually assumed that intra-stationary phase diffusion consists of two mechanisms, i.e., pore diffusion and surface diffusion. A more detailed study is necessary to obtain quantitative information about the molecular migration in the stationary phase.
(5) Information about the contribution of Hf to Htotal was also obtained. It increases with increasing flow rate. The magnitude of Hf is similar for both the C18-silica monolithic column and the C18-core-shell column. In Figs. 4 and 5, the value of Hf is about 3 μm at u0 = 0.20 cm s -1 . However, as described above, the value of Hd is quite different between the two columns. The contribution of Hd to Htotal is about two times larger in the C18-silica monolithic column than in the C18-core-shell column. Consequently, it appears that the contribution of Hf to Htotal is different between the two columns.
The moment method is effective for a detailed analysis of chromatographic behavior. It seems that quantitative information about separation kinetics can accurately be obtained by using the moment equations because they are derived with a consideration for the intrinsic structural characteristics of separation media.
Conclusions
Chromatographic behavior in RPLC using the C18-silica monolith and C18-core-shell particles was analyzed by the two equations from the kinetic points of view, i.e., the van Deemter equation and the moment equations. Some items of information about molecular diffusion, eddy diffusion, and mass transfer kinetics in the columns were derived by the two equations from the plots between HETP and the mobile phase flow velocity. The moment equations provided additional quantitative information about the mass transfer kinetics in the two columns, that is, the values of De and the contribution of the external mass transfer resistance to band broadening. It was indicated that certain kinds of information about the mass transfer kinetics can quantitatively be obtained by the moment analysis, however the same information cannot be obtained by the van Deemter equation. 
